The respiratory community generally defines respiratory health as the absence of overt lung disease. This overly simplistic definition has limited the development of a robust approach to the prevention of chronic lung disease. In contrast, the cardiovascular community has productively conceptualized "ideal cardiovascular health," a set of factors, including several directly along the causal pathway of transitions from health to disease, that protect against the development of cardiac disease (1, 2) . The fundamental concept of "ideal health" suggests the existence of a complementary concept of "impaired health" that is an intermediate point on the continuum from health to disease. Considering cardiovascular health along such a continuum has facilitated identification of risk factors for loss of health, has enabled delineation of intermediate endotypes such as heightened inflammation and hypercholesterolemia that are deployed in clinical practice as screening tools, and has led to a rapid expansion of increasingly effective preventive measures to promote maintenance of cardiovascular health. Cardiovascular researchers and clinicians have used this conceptual framework to inform public health policy, integrate prevention into primary care, and educate communities.
In recent years, several potential risk factors for developing lung disease apart from smoking and environmental exposures have been identified. These investigations, however, have not been longitudinal across the lifespan, making it challenging to construct a timeline for how such risk factors influence respiratory health. Furthermore, these factors have frequently been identified either in the context of "healthy" control subjects in diseasefocused studies (3) (4) (5) or using limited information about respiratory symptoms, physiology, and imaging derived from cohort studies focused on cardiovascular conditions (6) (7) (8) (9) . Although the Framingham Heart Study, for example, represents data collected from three generations of subjects followed over 70 years of observation, it was not designed as a respiratory cohort study and did not collect detailed phenotypic information for the respiratory system (10) . The respiratory cohorts that do exist typically encompass no more than 10 years of observation (11) .
Given the absence of life-course studies focused exclusively on respiratory health, it is a challenge to conceptualize how an individual might transition from ideal respiratory health to an intermediate phenotype of impaired respiratory health as a potential, albeit not universal, precursor to chronic respiratory disease such as chronic obstructive pulmonary disease (COPD) or interstitial lung disease. Although it is plausible that the transition from health to disease occurs with the accumulation of risk factors that lead to impaired lung health in some individuals, there are no empirical data demonstrating this pathway across the lifespan.
In this Pulmonary Perspective, we propose a conceptual model of respiratory health across the lifespan incorporating definitions of ideal respiratory health, impaired respiratory health, and chronic lung disease. Central to our working definition of respiratory health are the dual concepts of pulmonary reserve, as reflected by peak lung function in young adulthood, and susceptibility, as reflected by risk for future accelerated decline in lung function after the attainment of this peak (Figure 1 ). Because peak lung health is attained in young adulthood, we portray this as a critical period for differentiation between ideal and impaired respiratory health and a key time in the life-course to evaluate respiratory health. Lung function is the most widely recognized indicator of respiratory health; however, its actual measurement outside of established respiratory disease is rare. Below, we review several other possible contributors to and indicators of impaired (versus ideal) respiratory health and identify areas for leveraging novel techniques that could be used in the prediction of respiratory health.
Factors Associated with Impaired Peak Lung Function (Poor Pulmonary Reserve)
The Clinical Significance of Impaired Peak Lung Function Low peak lung function in young adulthood, reflective of poor pulmonary reserve, portends impaired future respiratory health. In an analysis of three independent cohorts in both the United States and Europe (the Framingham Offspring Cohort, the Copenhagen City Heart Study, and the Lovelace Smokers Cohort), it was documented that participants with lower lung function (defined as an FEV 1 , 80% of predicted) at cohort inception were at greater risk of COPD after 22 years of observation than those who had normal lung function at baseline. Furthermore, among those with COPD at the end of observation, approximately one-half had an FEV 1 less than 80% in early adulthood (12) . These findings reinforced a prior report from the CARDIA (Coronary Artery Risk Development in Young Adults) cohort, which revealed that baseline low FEV 1 and FEV 1 /FVC between 18 and 30 years of age predicted airflow obstruction 20 years later independent of smoking status (13) . Most of the individuals in this study with lower baseline lung function still had values that would be considered in the "normal" range (i.e., FEV 1 . 80% predicted and FEV 1 /FVC greater than the lower limit of normal), did not report a diagnosis of any underlying lung disease, and typically would not have undergone spirometric testing in the context of routine clinical care.
Beyond the risks associated with development of chronic lung disease, many studies have shown associations between lower lung function (even when still within an accepted normal range) and nonrespiratory adverse health outcomes. As early as the 1960s, analyses of the Framingham and Tecumseh cohorts demonstrated an increased risk of cardiovascular mortality associated with even modest reductions in FVC (6, 14) . In an analysis that controlled for smoking status, lower lung function as measured by FVC, FEV 1 , or the FEV 1 /FVC ratio was associated with an increased risk of death from cardiovascular causes in the Copenhagen City Heart Study independent of blood pressure or serum cholesterol level (7) . Heart failure hospitalizations were significantly increased in participants with lower FVC and FEV 1 in the Malmö Preventive Project independent of smoking (15) . In the Seven Countries Study, after adjusting for smoking, the hazard ratio of death attributable to dementia was lower in individuals with higher FVC, and lower FVC was associated with a higher risk of completed suicide. More recently, an analysis that combined CARDIA and the Framingham Offspring and Generation 3 cohorts documented that an FEV 1 less than 80% predicted in early adulthood was associated with earlier development of respiratory, metabolic, and cardiovascular conditions, lending further credence to the idea of peak lung function as a risk factor for a variety of future health consequences (16) .
Early-Life Factors Associated with Peak Lung Function
Notably, most of the studies described above determined only the approximate "peak" lung function in early adulthood, not the factors in the prenatal period and childhood that influence an individual's maximum lung growth and development. Multiple factors have been identified that influence respiratory health before an individual reaches adulthood (17) . These include risk factors pertaining to an individual's parents, such as parental diagnosis of asthma or allergic rhinitis, as well as perinatal risk factors, including birth weight and gestational age in preterm infants (18) (19) (20) . Tobacco smoke exposure during pregnancy and during childhood is a critical risk factor for childhood asthma, respiratory infections, and poor measured lung function (21) . Other environmental factors, including exposure to air pollution and poor socioeconomic status, contribute to the increased prevalence and severity of childhood asthma (22, 23) . Childhood asthma, in turn, increases an individual's risk of having asthma and poor lung function as an adult (24, 25) .
Undoubtedly, a complete profile of respiratory health in adulthood will include elements of an individual's family history, birth history, and childhood medical history. In a recent study from the Tucson Children's Respiratory Study, the authors took advantage of the repeated measures of lung function in this nonselected birth cohort (26) . In a latent class model, two distinct trajectories of FEV 1 from age 11 to 32 years old were discovered: a low lung function trajectory and a normal trajectory. The participants in the low trajectory attained a mean maximum FEV 1 of 85.6% predicted in adult life compared with 94.5% predicted among those in the normal trajectory (which would still be considered Figure 1 . A conceptual depiction of respiratory health trajectories over the lifespan (adapted from the seminal work of Fletcher and Peto [33] and updated to incorporate work of Kalhan and colleagues [13] and Lange and colleagues [12] ). We believe efforts toward developing a comprehensive definition of respiratory health will be aided by conceptualizing the major contributors to the development of impaired respiratory health as influencing either peak lung function in young adulthood (pulmonary "reserve") or the rate of decline in lung function (pulmonary "susceptibility"). Multiple risk factors are associated with an individual's reserve and susceptibility, which may ultimately contribute to the development of chronic respiratory disease (Table 1 ).
normal by current interpretation criteria if measured in a clinical setting [27] ). Factors associated with the low trajectory included history of maternal asthma, early-life respiratory syncytial virus infection, and physician-diagnosed asthma. These findings magnify the need to study interventions that promote respiratory health from the prenatal period through childhood and adolescence before peak respiratory health is attained as part of maximizing pulmonary reserve in adult life and as a key component of preventing chronic lung diseases. Cardiorespiratory fitness, or an individual's maximal ability to perform work in a standardized exercise test, is a well-accepted predictor of heart disease and mortality (28) and is considered to be an important element of cardiovascular health (1) . Physical activity and cardiorespiratory fitness are also associated with peak lung function. Several studies have suggested that increased physical activity among children is associated with higher lung function (29, 30) . At the baseline examination of the CARDIA study (mean age, 25 years; range, 18-30 years), lower cardiorespiratory fitness (as measured by a symptom-limited, graded treadmill exercise test) was associated with lower lung function (albeit still in the normal range) (31) . A recent paper evaluated the association between fitness and lung function in two population-based cohorts in Denmark and New Zealand among children and young adults (32) . Objectively measured aerobic fitness was associated with better lung function between the ages of 9 and 38 years, and improvements in fitness during childhood and adolescence were associated with greater increases in lung volumes into early adulthood. Maximizing fitness through childhood and adolescence then appears to be associated with better pulmonary reserve in young adulthood in our conceptual framework of respiratory health.
Factors Associated with Accelerated Decline in Lung Function (Pulmonary Susceptibility)
The Clinical Significance of Accelerated Decline in Lung Function For many years it was believed that lung function defined by FEV 1 peaked in the third decade of life and steadily declined over the remainder of the lifespan, and that this decline could be accelerated by noxious exposures such as smoking (33) . It stands to reason that for an individual with adequate pulmonary reserve (manifested by adequate baseline lung function) to transition from health to disease, that person would have to experience accelerated decline in lung function to meet a threshold indicating disease. However, few adult life-course studies have attempted to understand different patterns of change in lung function. We conceptualize risk factors associated with decline in lung function as a hallmark of susceptibility to future lung disease and a deviation from ideal to impaired respiratory health, even when the decline does not reach a threshold that has traditionally defined disease (Figure 1 ).
Accelerated decline in lung function occurred in approximately half of individuals by the conclusion of the threecohort study published by Lange and colleagues, including in many whose lung function was normal (FEV 1 . 80% predicted) (12) . Several other studies have supported the conclusion that rapid decline in lung function over time is a key feature of susceptibility to poor respiratory and overall health. In the Atherosclerosis Risk in Communities study of adults aged 44 to 66 years (including individuals both with and without COPD), those with the most rapid decline in lung function over a 3-year period were at greatest risk for COPD-related hospitalization as well as mortality (34) .
More recently, findings from CARDIA suggested that specific patterns of lung function decline are associated with the development of distinct cardiac phenotypes (35) . On the basis of serial spirometry over 20 years after initial study enrollment, individuals with FVC decline were more likely to have larger left ventricular mass, greater cardiac output, and diastolic dysfunction, whereas individuals with decline in FEV 1 /FVC ratio were at greater risk of having smaller left atrial measurements and lower cardiac output. Data from the COPDGene study suggest that accelerated lung function decline in COPD, for instance, is preceded by development of radiographically evident small airways abnormalities, even among individuals without classically defined airflow obstruction (36) . These findings suggest that accelerated decline in lung function is associated with pathology, even among individuals who do not meet the standard thresholds of lung function impairment that define disease (such as an FEV 1 /FVC , 70% or the lower limit of normal to define COPD).
Lifestyle Factors Associated with Decline in Lung Function
Cardiorespiratory fitness and physical activity are associated not just with attainment of peak lung function but also with the rate of lung function decline. Among participants in CARDIA, lung function decline measured at 20 years of follow-up was predicted by cardiorespiratory fitness at Year 0 (31). Furthermore, sustaining higher fitness and achieving an increased fitness level were associated with slower decline in FEV 1 . Active smokers who reported higher levels of physical activity in the Copenhagen City Heart Study experienced less decline in FVC and FEV 1 and were less likely to develop COPD over 10 to 13 years than those who reported low levels of activity (37) .
Diet may also be associated with decline in lung function in adult life. In the NHANES (National Health and Nutrition Examination Surveys) cycle of 2009 to 2010, higher dietary fiber intake was associated with higher FEV 1 and FVC and a lower rate of obstructive lung physiology among adults sampled from the general population (38) . In a study based on the ECRHS (European Community Respiratory Health Survey), greater dietary antioxidant consumption was associated with slower FEV 1 and FVC decline over a 10-year period (39) . Although the respiratory research community has long debated whether preventive care can alter the rate of lung function decline in at-risk individuals (40), the work described above suggests that lifestyle interventions aimed at modifying aspects of an individual's cardiorespiratory fitness level and diet may alter that individual's susceptibility to developing impaired respiratory health. When considering opportunities to test interventions to promote respiratory health, both fitness and dietary interventions are worth considering.
Respiratory Symptoms as Predictors of Susceptibility to Declining Lung Function
Respiratory symptom burden is an easily ascertainable factor that may be independently associated with poor health outcomes (41) . The prevalence of respiratory symptoms in the general population, particularly earlier in life among nonsmokers, is not known. In the NHANES 2007 to 2010 cycle, the presence of chronic respiratory symptoms in 40-to 79-year-old participants was associated with worse health-related quality of life compared with those without symptoms (42) . Current smokers in the COPDGene study were more likely than former smokers to have respiratory symptoms (43) . An analysis of ever smokers aged 40 to 80 years with preserved lung function by the SPIROMICS (Subpopulations and Intermediate Outcome Measures in COPD Study) group found that 50% of participants had respiratory symptoms (defined as a score . 10 out of 40 on the eight-question COPD Assessment Test) and that the presence of symptoms was associated with activity limitation, lower pulmonary function, and thickened airway walls on computed tomography (CT) imaging (44) . The CARDIA group found, in an analysis that controlled for smoking status, that the presence of respiratory symptoms at baseline was associated with more rapid decline in FEV 1 and FVC over 30 years of follow-up as well as greater risk of emphysema (45) . Prospective study of the relationship between respiratory symptom burden and health outcomes, controlling for the presence of asthma, smoking, or other known exposures, will better delineate to what extent the presence of respiratory symptoms should be incorporated into a survey of an individual's overall respiratory health status.
Detection of Lung Injury via CT Imaging-An Early Indicator of Susceptibility?
Imaging studies of the lung represent a potentially underutilized tool for assessing respiratory health. Nishimura and colleagues observed that severity of emphysema on CT imaging was associated with more rapid FEV 1 decline in patients with COPD (46) . The COPDGene investigators used parametric response mapping, a novel technique for analysis of CT imaging, to assess the degree of emphysema and functional small airways disease in ever smokers with COPD and subsequently to demonstrate that this was associated with decline in FEV 1 (36) . Parametric response mapping was also used to analyze CT imaging obtained in the SPIROMICS cohort, where in individuals without airflow obstruction, functional small airway disease was associated with increased age, increased FVC, and lower FEV 1 /FVC ratio, independent of respiratory symptoms (47) . Another study by the COPDGene investigators found evidence of gas trapping in areas of normalappearing lung on CT scans of smokers after comparing end-expiratory and endinspiratory lung density (48) . The MESA (Multiethnic Study of Atherosclerosis) study group has published several analyses of cardiac CT scans performed on participants demonstrating that subtle lung imaging findings can reflect key aspects of an individual's respiratory health (49) (50) (51) (52) . In two analyses, among participants without airflow obstruction, increased presence of low-attenuation areas representing emphysema-like regions on a CT scan performed at the baseline study visit was associated with increased all-cause mortality after adjusting for potential confounders and was associated with increased respiratory and lung cancer mortality (49, 50) . In a follow-up study, this CT finding of low-attenuation areas was associated with increased odds of developing spirometric obstructive lung physiology after 5 years of follow-up (51) . In a fourth study, the presence of highattenuation areas on baseline CT scans was a risk factor for hospitalization and mortality attributable to interstitial lung disease (52) .
Profiling Respiratory Health during a Critical Period in Early Adulthood
As reviewed above, multiple factors have been identified as potential contributors to the dual facets of respiratory health: reserve and susceptibility (Table 1) . Numerous studies have investigated "birth cohorts" to identify early-life risk factors for chronic lung disease that exert influence primarily on an individual's respiratory health reserve. Studies that investigate earlylife interventions to influence peak respiratory health or pulmonary reserve are critically important. Such studies can be designed around outcomes related to the determination of lung function at the time it peaks in young adulthood and certainly would inform both the promotion of respiratory health and disease prevention.
Studies focused on enhancing peak lung function (reserve) need to be supplemented, however, with studies focused on identifying factors associated with accelerated decline in lung function (susceptibility) to promote health as it relates not only to maximizing peak lung function but also to attenuating age-related decline in lung function.
Existing investigations of respiratory health factors in adulthood have largely been focused on older individuals and oriented around established respiratory disease. We believe that a research agenda around the study of respiratory health is needed to determine factors associated with susceptibility to future decline in lung function and the key point of deviation from ideal to impaired respiratory health. Therefore, we argue that a key focus of future studies must be the period encompassing early adulthood, when peak lung function is achieved and when susceptible individuals diverge from ideal to impaired respiratory health. Determination of factors that predict susceptibility would enable identification of surrogate markers of ideal respiratory health in adult life. Furthermore, such markers would be informative in an effort to intercept the path toward disease at an early time point in its pathobiology when, unlike in established chronic lung disease such as COPD and interstitial lung disease, the process may still be amenable to resolution of injury and regeneration.
Developing Novel Predictors of Impaired Respiratory Health
No biomarker has been identified that can be considered an essential component of respiratory health in the way that serum cholesterol is used to define cardiovascular health. In contrast to cholesterol, which is on the causal pathway for atherosclerotic plaque formation, existing candidate respiratory health biomarkers are nonspecific and largely have not been proven to have a direct causal biologic relationship with lung injury or remodeling. Nevertheless, a number of serum biomarkers can predict future outcomes related to declining respiratory health. In CARDIA, two markers of systemic inflammation measured at age 25 to 32 years, plasma fibrinogen and C-reactive protein, were independently associated with greater lung function decline by spirometry between Year 0 and Year 20 of the study (53) . In a pooled cohort analysis, lower concentrations of the antiinflammatory protein CC16 were associated with reduced lung function in childhood (diminished pulmonary reserve), accelerated decline in lung function in adult life (enhanced susceptibility), and greater risk of obstructive lung physiology. In MESA, higher soluble ICAM-1 (intercellular adhesion molecule 1) levels were associated with progression of low-attenuation (emphysema-like) areas on CT imaging (54) . Also in MESA, having a higher level of serum MMP-7 (matrix metalloproteinase 7) at baseline between 45 and 84 years of age predicted greater FVC decline and exertional dyspnea after 5 years and was associated with increased odds of interstitial lung abnormalities and all-cause mortality after 10 years (55) .
A clear definition of impaired respiratory health and the discovery and validation of biomarkers to detect it will enable enhanced population-based screening and more targeted interventions that may mitigate the transition from ideal to impaired respiratory health (and later in life to disease) or, in an ideal scenario, may even promote transition back to ideal respiratory health. Existing research points to several promising approaches for predicting the development of impaired respiratory health aligned with the current model of cardiovascular disease, where markers on the causal pathway to disease inform robust strategies for disease interception and health promotion.
Genomic techniques applied to lung tissue have shown promise for diagnosing usual interstitial pneumonia or characterizing common patterns of gene expression in COPD and idiopathic pulmonary fibrosis (56, 57) . However, generalizing these approaches to characterization of healthy individuals is challenging because of the risks associated with obtaining lung tissue samples. Promisingly, gene expression profiling by whole-transcript array of bronchial epithelial cells obtained by brushings from current and former smokers with and without COPD successfully identified genes associated with COPD (58). Furthermore, gene expression profiling of nasal epithelium by the same group was also sufficient for distinguishing patients with COPD from control subjects, and a subset of the differentially expressed genes overlapped with those identified in the earlier study of bronchial epithelial gene expression (59) . The value of this kind of approach has been demonstrated in the field of oncology, where genomic techniques have already entered clinical practice for cancer prevention, screening, and diagnosis (60) .
Although careful analysis of CT imaging data quantifying known abnormalities such as regions of emphysemalike lung and high-attenuation areas can be useful for predicting respiratory health outcomes, machine learning approaches to analyzing the vast quantities of data collected in a single CT scan may yield even more diagnostic and prognostic information. Such an approach using convolutional neural network analysis, using a training dataset of 7,983 CT scans in 2,672 smokers, was successful in classifying more than 70% of participants within one stage of COPD and predicted the development of acute respiratory disease events and mortality (61) . A similar approach used earlier in adult life may be able to detect the radiographic phenotypes associated with impaired respiratory health and susceptibility to future disease.
Designing Studies to Define Respiratory Health
Although the paradigm of ideal cardiovascular health can serve as a useful paradigm for developing a definition of respiratory health, the body of evidence available to the cardiovascular research community is richer than that available to the respiratory research community. New forward-thinking epidemiologic studies are needed to better delineate how the various factors outlined in this Pulmonary Perspective can be incorporated into a comprehensive definition of respiratory health. These studies should be designed to prospectively assess associations between novel aspects of the respiratory health phenotype, such as genomic biomarkers or machine learning-based imaging assessments, with more well-accepted aspects of respiratory health, such as pulmonary function parameters or respiratory symptoms. A recently published conceptual computational model of the natural history of COPD on the basis of integrating key aspects of disease exemplified how different factors contributing to respiratory health could ultimately be brought together into a comprehensive model of respiratory health spanning ideal health, impaired health, and disease (62) .
Conclusions
Incorporating health promotion into respiratory medicine as a pillar of disease prevention is mandated by a contemporary approach to public health. To satisfy this mandate, we believe the respiratory research community must prioritize developing a comprehensive definition of respiratory health. Key factors pertaining to respiratory health will belong to two broad categories: factors affecting peak respiratory health or pulmonary reserve and factors affecting the rate of lung function decline in adulthood or susceptibility. Achieving a consensus about these key respiratory health factors will facilitate identification of surrogate outcomes for use as practical endpoints in trials aimed at slowing or reversing the onset of impaired respiratory health and preventing chronic respiratory disease. Novel precision medicine approaches, including genomic profiling and imagingbased analyses, are promising for inclusion as surrogate outcomes of respiratory health. Although health promotion is a key goal to prevent chronic lung disease, enhancing our ability to detect impaired respiratory health at the earliest possible stage would also allow for the development of strategies to intercept chronic respiratory disease before it becomes clinically apparent. n
